A complex test coupon with ply drops, intended to be representative of blade structure, has been developed with the aid of finite element analysis. The complex coupon can be used to evaluate the static and fatigue performance of infused wind turbine blade laminates containing various fabrics, resins, and material transition choices under tension, compression and reversed uniaxial loading conditions. Static and fatigue test results are presented for polyester, vinyl ester and epoxy resins and a toughened vinyl ester, for both plain and complex coupon geometries. The complex coupon damage sequence involves matrix cracking, ply delamination, load redistribution, and finally ±45 o and 0 o ply failure. The coupon performance showed significant sensitivity to the resin, with delamination results correlated to the Modes I and II interlaminar toughness. The static and fatigue damage loads varied approximately inversely with the square root of the number of plies dropped at a single position, with up to 5 mm thickness of dropped unidirectional material. Reversed loading in fatigue reduced lifetimes significantly compared to pure tensile or compression loading. The results of the study can be used to estimate the knockdowns and trade-offs associated with resin type and fabrication options.
I. Introduction
Megawatt-scale wind turbine blades are very large composite structures with relatively thick plies, commonly manufactured by resin infusion processes. Significant material transitions occur at sandwich panel close-outs 1 , joints 1,2 and ply drops. 3 Material transitions can be very thick and abrupt, as in thickness tapered areas involving drops of one or more millimeter-thick plies at a single location; these can be sites of crack initiation and damage progression in service.
Extensive studies have been reported on delamination at ply drops in aerospace-style prepreg composites with relatively thin plies, in applications like flex beams for helicopter rotors. 4 Research related to ply drops and other structural details for wind turbine blade materials has been the subject of recent papers and reports. 1, 3, [5] [6] [7] A study involving multiple 0.3 mm thick ply drops of glass and carbon fiber prepregs preceded the present study of thicker infused ply drops as reported by Samborsky, et. al . 3 with finite element analysis (FEA) by Wilson. 7 Figure 1 shows a typical test specimen from the prepreg study; results were reported for static and fatigue tests under tension, compression, and reversed loading. 3 The experimental and FEA results of that 2 study showed that delamination under fatigue loading may occur at lower strain levels than inplane failure, depending on the thickness of dropped material. Finite element results for strain energy release rates helped to correlate the various experimental findings. 7 For the same applied strain levels, delamination spread prior to in-plane failure in prepreg laminates for ply drops thicker than about 0.6 mm for carbon fibers, and about 1.0 mm for glass fibers, the differences reflecting differences in strain energy release rates due to elastic constant differences. 3 Limited results for infused laminates with plies on the order of one millimeter thick, as well as carbonglass transition joints, were generally consistent with the prepreg results. 7, 8 The test results available to date have not adequately addressed blade structure issues of thicker material transitions and laminates, interactions of delamination growth with damage in adjacent plies such as surface ±45 o skins, 7 or materials parameters such as resin type. Delamination tests generally show a strong dependence on resin toughness, with epoxies more resistant than vinylesters, which are in turn more resistant than polyesters 1 ; toughened versions of vinyl esters and epoxies are available, commonly at additional cost, and with some associated viscosity increase.
The two main objectives of the current study were the following: (1) to extend current knowledge in the area of delamination at thick ply drops through testing and, in the future, FEA simulation, and (2) to develop a standard complex test coupon geometry for infused laminates, including ply drops and load redistribution around damage, which can serve as a meaningful representation of blade structure for purposes such as comparing the performance of various resins and fabrics.
Thick material transitions raise several testing issues. While previous work has shown that delamination conditions are not strongly sensitive to overall laminate thickness, thick transitions obviously require thick laminates, leading to high forces and related load introduction difficulties. 3 The current study has switched from symmetrical specimens, as in Figure 1 , to nonsymmetrical specimens with ply drops on one side only, shown in Figures 2 and 3; this cuts the required forces in half, and is more representative of blades; however, the non-symmetry may complicate test interpretation. An experimental and finite element study of specimen geometry effects has been part of this study.
II. Experimental Methods

A. Materials and Processing
Panels containing ply drops were infused under vacuum through two flow medium layers and one peel ply layer on the top and the bottom surfaces of the laminate. Table 1 gives the construction details for the ±45 (biax) and 0 o mostly unidirectional glass fabrics. A typical infused plate is shown in Figure 4 . Several infusion resins listed in Table 2 were included in the study, all with the same fabrics and layups. The nominal fiber volume fraction for the ply drop panels was 54%, giving a thin-side and thick-side panel thickness of 13.7 mm and 11.5 mm, respectively. Fiber content differences between systems is proportional to the thicknesses given later (in Table 5a ).
Additional test data are given for laminates containing the two fabrics separately, without ply drops. These laminates were tested with the fabric in the warp direction. Fiber contents and static properties are given in Table 3 for DBM-1708 laminates with the resins in 
B. Test Methods
The complex coupon with ply drops employs an unsymmetrical geometry shown in Figures 2 and 3. This test method required significant test development to arrive at a lay-up and dimensions which would have minimal bending, be compatible with testing machine (250 kN) capacity and grip capacity, while representing blade materials and structure of current interest. The lay-up chosen allows convenient infusion with a variety of resins of interest for blades, and features failure modes including delamination at the ply drops, damage in the ±45 o surface layers (which represent blade skin materials) and load redistribution between the surface skins and primary structural 0 o plies as damage develops and extends. The final dimensions were selected based on FEA including grip interactions. Figure 5 gives FEA results showing the distribution of axial strain along the specimen length, and Figure 6 gives the strain through the thickness at several points. Despite the specimen non-symmetry, the strains appear to be sufficiently uniform in the gage section around the ply drop to allow them to be meaningfully related to other geometries such as blades. FEA based damage simulations will be carried out in the future, when a complete set of experimental data is available.
Tests were carried out on several Instron servo-hydraulic machines with hydraulic grips fitted with additional lateral supports. 1 Plain laminate test coupons were rectangular for ±45 laminates and dog-bone shape for laminates with 0 o plies, as described elsewhere. 8 Fatigue tests were conducted in sinusoidal tensile loading at a minimum to maximum load ratio, R of 0.1. Frequencies were in the range of 2-5 Hz, with surface heating monitored to be less than 5 o C. Delamination in complex specimens with ply drops was monitored by camera and measured periodically using visual inspection (ink marks visible on specimen photographs like Fig. 3 ). Static ramp tests on these specimens were conducted at a displacement rate of 0.025 mm/s, with periodic interruptions for delamination measurement. Results of all experiments will be available in the DOE/MSU Fatigue Database. 
III. Results and Discussion
A. Plain Laminate Results
Tests were carried out on plain laminates without ply drops to establish the properties of the component materials of the complex laminates with ply drops. Stress-strain curves for the various resins (Table 2 ) with the DBM-1708 ±45 fabric are given in Figure 7 ; the curves are significantly nonlinear in the stress range where fatigue tests were conducted, so fatigue data are given for both stress ( Figure 8 ) and initial cyclic strain ( Figure 9 ). Differences between the Table  2 data and the one cycle data plotted on Figures 7-9 are the result of lower (standard) displacement rates for the Table 2 data (0.025 mm/s) compared with the much faster fatigue rate of 13 mm/s; for the ±45 laminates this has a pronounced effect on absolute strength values (higher for the higher rate) as well as the relative values for the different resins. The resin has limited effect on the properties of this biax fabric; the most notable difference is slightly reduced performance for the TR-1 polyester. Laminates based on ±45 fabrics are known to show significant sensitivity to fatigue loading conditions.
2 Figure 10 compares fatigue data for the EP-1 resin with DBM-1708 fabric for tensile, reversed and compressive fatigue loading (R = 0.1, -1, and 10, respectively); reversed loading is particularly damaging compared to other R values, apparently as a result of the reversing shear direction. 2 Plain laminates with the Vectorply 0 o fabric have not yet been tested for all of the current resins. Available data for similar base UP, VE, and EP resins are given in Figure 11 . While performance may vary with resin and process details, tensile fatigue results for these systems show improved performance for epoxy relative to polyester, with vinyl ester intermediate.
Delamination resistance is known to be sensitive to resin toughness. 1, 10 Pure mode tests are run on unidirectional laminates with artificial starter cracks, to determine the critical strain energy release rates G Ic , opening mode and G IIc , shearing mode. These properties are sensitive to both the resin and the thickness of resin layer between plies. Values of these two properties usually correlate with delamination resistance in structural details.
1, 3-7 Table 4 presents pure mode delamination resistance data for unidirectional Vectorply E-LT-5500 laminates with the resins used in this study; the fabric has a front face with packed 0 o strands, while the back face has irregularly spaced 90 o strands to which the 0 o strands are stitched (Table 1) . 8 Data in Table 4 are given for delamination along back-to-back 0 o and 90 o sides. The toughness values order as epoxy>vinyl ester>polyester as in earlier studies, 5 with the toughened vinyl ester (VE-2) exceeding the epoxy for G Ic on the 0/0 interface. Delamination cracks at structural details like ply drops are usually mixed-mode, 3, 7 with complex interaction between modes for relatively brittle resins. Figure 12 shows data from Ref. 6 comparing epoxy, vinyl ester, and polyester resins. The three lower fiber content laminates show the same toughness ordering as Table 4 , epoxy>vinyl ester>polyester over the entire mixed mode range. The higher fiber content Vectorply E-LT-5500/epoxy shows slightly reduced toughness compared to the lower fiber content system epoxy system, as expected. Compared with in-plane properties, including the ±45 laminates in Figures 7-9 , the delamination resistance is very matrix sensitive.
B. Complex Laminate with Ply Drops
Test results for the Complex Laminate coupon are given in Figures 13-24 . Sample images of the damage development sequence during the fatigue lifetime of a specimen are given in Figure 13 . This sequence is similar for static tests as the load is increased toward failure. The damage geometry for most coupons is illustrated in Figure 14 . The sequence of damage progression under tensile loading is as follows:
1. A crack forms in the resin, across the ends of the ply drops 2. Delaminations L 1 and L 2 grow along the dropped plies, into the thick side; L 2 only grows a short distance and arrests. 3. Matrix cracking (L 4 ) develops and spreads in the ±45 plies adjacent to the ply drops 4. Delamination L 3 develops and spreads into the thin section, as an extension of L 1 5. After damage spreads globally along the specimen, separation in the ±45 and 0 o plies near the ply drops progresses to produce complete failure.
This progression through (4) was similar for all cases, but most tests were terminated prior to (5) . Under compressive fatigue loading the matrix crack across the ends of the dropped plies, (1) above, was delayed until significant delamination slowly developed. The damage then spread rapidly after the matrix at the dropped ply ends formed a series of oriented cracks. The static and fatigue response of the complex coupon depends on a variety of more basic properties of the resin and reinforcing fabrics, which, together with geometric factors, determine the overall performance. This and previous studies 3, 7 suggest the mechanisms involved in this damage sequence, and the relevant materials parameters. For linear FEA solutions the stress fields and delamination modes change sign under compression relative to tension loading; shear stresses and deflections change direction. Thus, tensile matrix cracking at the ply ends is suppressed in compression, and shear amplitudes are essentially doubled (with a direction change) in reversed vs. tensile loading. In the damage sequence, the matrix cracking at the ply ends releases the dropped plies to delaminate more freely for a short distance, unloading their strain energy, until this process is restricted by the ±45 plies. When the ±45 plies form matrix cracks and soften, the delamination L 1 is able to grow more extensively, and L 3 forms. Meanwhile, the 0 o and ±45 o plies are subjected to accumulating damage, and may fail in a progression through the thickness, completely separating the coupon. The various damage components are expected to depend on matrix strength and toughness, ±45 o ply crack resistance, and 0 o ply longitudinal strength and fatigue resistance. Prediction of the detailed damage progression requires a full simulation based on a complete set of component properties and geometry.
Figures 15 and 16 give static test results for the primary delamination length, L 1 , as a function of applied load. The results in Figure 15 for different resins with two ply drops indicate the same ordering of delamination resistance as presented for other types of tests, such as Figure 12 and Table 4 , epoxy>vinyl ester>polyester for base resin types. The toughened vinyl ester, VE-2, displays significantly greater resistance compared with the base vinyl ester VE-1. In contrast to the plain ±45 laminates in Figures 7-9 , the complex laminates show much greater sensitivity to the resin. The data in Figure 16 indicate a strong sensitivity of the static delamination load to the number of plies dropped at the single location for EP-1 resin, corresponding to a total thickness transition range of about 1-4 mm for the 1, 2, and 4 plies dropped. The dropped thickness effect shown here is consistent with that found for prepreg laminates with thinner plies (about 0.3 mm) in earlier work. 3 The earlier work, and other studies, demonstrated that the strain energy release rates are approximately proportional to the thickness of material dropped, excluding shape effects, so that delamination loads should vary approximately proportionally with the square root of the thickness of dropped material. When the Figure 16 delamination length is plotted against the load times the square root of the number of ply drops, Load × (PD) 1/2 , in Figure 17 , the data for the one and two ply drop cases show good correlation, while the four ply drop case falls at somewhat higher load.
Figures 18-22 present the fatigue results for delamination growth in complex coupons as a function of resin, applied load, thickness of material dropped and R-value. Results for the different resins are consistent with the static data, as are those for the thickness of dropped material. While the delamination rate is generally found to vary with some power of the strain energy release rates, 1, [3] [4] [5] [6] and the strain energy release rates to vary with the square of the load, a full simulation of the progression of all of the damage components is necessary to fully predict the results for load and dropped thickness variations.
The effects of loading condition for tensile, reversed, and compressive fatigue (R = 0.1, -1 and 10) for the EP-1 and UP-1 resins with two ply drops in Figure 22 again highlights the sensitivity to reversed loading. This is consistent with both the ±45 laminates ( Figure 10 ) and data for prepreg laminate delamination in Mode II.
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A comparison of the data for various cases of complex laminates with the plain laminate data trends in Figure 9 is shown in Figure 23 , using average initial strains on the thin side of the specimen from Figure 6 . The knockdown in strain level for the complex laminates with ply drops, relative to plain ±45 laminates is evident in these results. All complex laminates with more than a single ply dropped fail before the plain ±45 laminates at the same strain level. The single ply drop case is not as clearly dominated by the dropped ply effects. A similar comparison of complex coupon data to plain 0 o fabric dominated multidirectional laminate data from Figure  11 is presented in Figure 24 . This figure allows a comparison of the lifetime of various complex coupons with plain structural multidirectional laminates in terms of strain for different resins, and number of plies dropped at a single location. As noted earlier, the plain laminates have different resin systems (Fig. 9 ), but the same resin types, compared to the complex laminates, so the apparent knockdowns are approximate (testing is currently underway with identical resin systems). Figures 23 and 24 allow assessment of the penalties incurred by cost-reducing approaches of selecting lower performance resins and dropping more plies at a particular location instead of staggering single ply drops. While the penalties are real, their effects on allowable strains appear moderate. *PD is the number of unidirectional plies dropped at a single location (Fig. 2 ) **The nominal axial strain is the initial average value through the thickness along line (h) in Fig. 5 at a load of 44.5 kN Strains at other applied loads are adjusted proportionally from the value at 44.5 kN; strains are from a linear elastic FEA solution with no damage present.
IV. Conclusions
The complex coupon with ply drops provides a basis for comparing infusion blade material and lay-up parameters for a case which is more representative of real blade structure than are plain laminate tests. The sequence of damage initiation and growth depends on both in-plane properties of the fabric layers and inter-laminar properties, the latter dominated by the resin. The test coupon geometry FEA indicates minimal effects of non-symmetry, which allows for double the thickness compared with earlier symmetrical coupons. Results from the static and fatigue tests indicate improved performance for the epoxy system EP-1 relative to the vinyl ester VE-1 or polyester UP-1; the toughened vinyl ester, VE-2, is significantly improved relative to the base VE-1. The results for various resins with the complex coupon are consistent with data for interlaminar Modes I and II tests. The results show significantly higher knockdowns for greater thicknesses of dropped material (4 vs. 2 vs. 1 ply dropped at the same position, for approximately 1.3 mm thick plies). The results also show much increased fatigue sensitivity under reversed fatigue loading compared with either tensile or compressive loading alone.
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